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synopsis 
The conformation and packing scheme for guanosine-3’,5’-cytidine monophosphate, 
GpC, were computed by minimizing the classical potential energy. The lowest energy 
conformation of the isolated molecule had dihedral angles in the range of helical RNA’s, 
and the sugar pucker was C3‘ endo. This was used as the starting conformation in a 
packing search over orientation space, the dihedral angles being flexible in this step also. 
The packing search was restricted by constraints from our x-ray data, namely, (1) the 
dimensions of the monoclinic unit cell and its pseudo-C2 symmetry (the real space group 
is P21), (2) t,he location of the phosphorous atom, and (3) the orientation of the bases. 
In addition, a geometric function was devised to impose Watson-Crick base pairing. 
Thus, a trial structure could be sought without explicit inclusion of intermolecular po- 
tentials. An interactive computer graphics system was used for visualizing the cal- 
culated structures. 
The packing searches yielded two lowest energy schemes in which the molecules had 
the same conformation (similar to double-helical RNA) but different orientations within 
the unit cell. One of these was refined by standard x-ray methods to  a discrepancy 
index of 14.4% in the C2 pseudocell. This served as the starting structure for the sub- 
sequent refinement in the real P21 cell.5 
INTRODUCTION 
X-ray crystallographic methods have provided the bulk of our present 
knowledge of the three-dimensional structure of nucleosides and nucleo- 
tides, and from such studies it has been possible to deduce empirical rules 
governing regions of allowable conformations. l - 3  Elucidation of these 
etructures by crystallographic techniques ie often consuming; hence any 
method of predicting a good trial structure should greatly simplify the 
crystallographic analysis. 
A common procedure for arriving at a trial structure (when other tech- 
niques have failed) has been to build models of the molecule under study 
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and inspect the packing of the molecules in the unit cell, using information 
available from diffraction data and stereochemistry. This procedure can 
be greatly simplified by the use of interactive graphics display. However, 
for molecules possessing conformational flexibility, even with the use of 
display there would be a large number of trials necessary before arriving 
a t  a satisfactory trial structure that would explain the observed diffraction 
data. The number of trials can be greatly reduced if conformers cor- 
responding to  minimum potential energy are tried in the packing analysis. 
In  this paper we describe a systematic procedure used to determine a 
suitable trial conformation for guanosine-3',5'-cytidine monophosphate 
(GpC), a dinucleoside phosphate for which X-ray diffraction data were 
available in our laboratory. Conventional crystallographic procedures 
failed to solve the structure in view of the fact that the diffraction data 
possesszs pseudo-symmetry and also does not extend beyond a resolution 
of 1.2 A. In  the first stage of our analysis, the classical potential energy 
of a single GpC molecule was minimized with respect to  its conformational 
angles. In  the second stage, sets of conformational angles corresponding 
to  the lowest energy minima were used as starting points in minimization 
searches of reasonable crystal packing schemes. A preliminary account 
of the first, intramolecular stage has been published previously.4 
As will be shown below, minimization and search procedures were subject 
to  constraints of two types: (a) chemical constraints, such as fixed bond 
lengths and bond angles, and potential energy parameters; and (b) ex- 
perimental geometric Constraints for this molecule deduced from the X-ray 
data. Choices for starting conformations for the in vacuo runs were based 
on observations of numerous related structures. An interactive computer 
graphics system was used to display calculated minimum-energy structures 
and examine possible packing schemes consistent with the observed unit 
cell parameters and crystallographic symmetry. Every model proposed 
was checked immediately against the X-ray data by computing the con- 
ventional crystallographic discrepancy index, R, and by direct visual in- 
spection. 
R = ClClFOl - I F C I > I / C I F O l  
(Where Fo is the observed structure factor and F,  is the calculated 
structure factor on the basi? of the model coordinates. All values 
of R reported here refer to 3-A resolution.) One of the trial structures 
found by this method has satisfactorily explained the observed diffraction 
data and has been eubjected t o  crystallographic refinement. The details 
of this crystallographic analysis will be presented e l s e ~ h e r e . ~  
Semi-empirical potential energy calculations have been widely used to  
predict conformations and/or crystal packing schemes for many classes of 
molecules. Olson and Flory6 and Sasisekheran and co -worke r~~+~  have
calculated energies of mono- and polynucleotides, although no attempt was 
made to  minimize the energy with respect to  all the conformational angles 
simultaneously. Scheraga and co-workersg+10 have calculated a complete 
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energy surface for a cyclic peptide, cyclo-(glyglyglypropro) under condi- 
tions of rigid bond lengths and bond angles (stage a), and also obtained the 
important minima in the potential energy surface when those parameters 
were allowed to vary (giving 141 independent variables) (stage b).ll The 
thirteen minima found in stage a served as starting conformations for the 
minimizations of stage b. In  calculations of a related nature, Bovey et a1.12 
combined results of energy calculations with nmr coupling constants and 
other experimental data to  obtain plausible structures (or groups of struc- 
tures) for cyclic oligopeptides in solution. 
The studies mentioned so far concern only intramolecular calculations, 
i.e., calculation of the conformational energy of a single molecule. Energy 
minimization methods have also been used in prediction of intermolecular 
packing schemes. Zugenmaier and Sarko‘3 report minimization of the 
potential energy (repulsive only) of several different monosaccharides using 
the method of Williams,14 to obtain crystal packing schemes for comparison 
with X-ray crystal diffraction analysis. In  those calculations, the sugar 
molecule and its symmetry-related mates were moved within the fixed unit 
cell, and starting conformations were chosen by random translation and 
rotation of the rigid molecule. In  a subsequent work on B-amylose, 
Zugenmaier and Sarko15 permitted bond lengths and angles as well as the 
chain conformation to vary in calculating probable crystalline packing 
models. Ahmed et  al.16 minimized a combination of intra- and inter- 
molecular potential functions for a series of organometallic compounds to  
obtain preferred conformation and crystal packing schemes for their mole- 
cules. Coiro et al.1’ 
solved the crystal structure of N,N’-dicyclohexylurea, a molecule con- 
taining four internal degrees of freedom, by first minimizing the intra- 
molecular potential energy of the molecule, and then packing the minimum- 
energy conformation as a rigid body within the experimental unit cell. 
Finally, Stellman et &I.’* combined X-ray diffraction data with crystal 
packing energy minimization to relate the structural and thermodynamic 
properties of poly-(1,4)-trans-butadiene single crystals. 
These works are examples of what is being done in this active and ex- 
panding field. Recent reviews of conformational energy calculations have 
been made by Scheragalg and by Brant.*O 
I n  their case, one variable of each type was used. 
METHOD 
The PDP-lO/LDS-l interactive computer graphics system was used in 
this work.21 A program was written which displays on the screen any di- 
nucleoside ribophosphate, XpY, where X and Y may be adenine, guanine, 
cytosine, or uracil. The primary structure is constructed by the linked- 
atom algorithm of Scott and Scheraga,Z2 with constant bond lengths and 
bond angles taken from small molecule studies. Figure 1 gives the struc- 
ture, the numbering convention, and the conformational angles for GpC ; 
Table I defines these angles, as per Sussman et al.23 Dihedral angles are 
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TABLE I 











P-03 ’ 4 3  ’-C4‘ 
05’-P-03 ‘-C3 ’ 
C5 ’-05 ’ - P a 3  ’ 
C4’45’-05’-P 
C3’-C4’-C5’-05’ 
C6-N 1-C1 ’-01 ’ 
a All angles A-B-C-D are measured clockwise from A to D when viewed along B-C. 
A eclipsing D is OO.zJ  
N4 
I 
Fig. 1. Structure, numbering convention and conformational angles for GpC. 
entered from knobs or from the teletype, allowing display of any geo- 
metrically possible conformation. Similarly, the molecule as a whole can 
be oriented within the cell and displayed. By displaying two or more 
adjacent cells, the graphics could be used to  examine the mutual relation- 
ship among symmetry-related molecules. 
Packing experiments were subjected to  the following three constraints, 
deduced from the X-ray diffraction data:5 (1) a monoclinic pseudo-unit 
cell with dimensions a = 21.224, b = 17.104, c = 9.372, p = 90.527”) and 
space group C2 (the true spacegroup is P21, with b. = 2 X 17.104); (2) 
the location of the phosphorus atom, obtained from the three-dimensional 
Patterson function; (3) the bases restricted to  be parallel to  the crystal- 
lographic y axis. The first constraint defines the symmetry of packing in 
the lattice. The second constraint fixes one point on the molecule within 
the cell. The third constraint reduces to  two the number of independent 
Eulerian angles necessary to define the orientation of the GpC molecule as 
a rigid body. 
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ENERGY CALCULATION 
As reported earlier,' the energy calculation was based on that of Scott 
and Scheraga for polypeptide~,2~ using Eq. (1) 
The first term represents t,he contribution to  the energy, E, by non- 
bonded interactions, the second is electrostatic, and the third is torsional. 
The double sums extend pairwise over all interacting atoms i and j, where 
rr5 is the distance between the atoms, qr is the charge on atom i, aij and bij  
are parameters in the Lennard-Jones potential, and E is the dielectric con- 
stant. Pairs of atoms whose relative distances cannot change when only 
dihedral angles are varied, such as atoms in the rigid cytosine ring, were 
excluded from the sums. The single summation extends over all eight 
flexible dihedral anglee, where OrC is the kth dihedral angle and Vo,k is the 
rotational barrier height for that rotation. The parameters at5, bu, as 
well as qi, VO, and E were taken from Refs. 7 and 8, with a net charge of - 1 
on the phosphate group. A modified version of the algorithm of Powell,25 
obtained from the Courant Institute of New York University, was used to 
minimize the energy, using the dihedral anglee, and later also the Eulerian 
orientation anglee, ae variable parameters. All minimizations were carried 
out to  an accuracy of 1" in each angular parameter. No angle was per- 
mitted to  vary by more than 100" a t  any given minimization step. 
"IN VACUO" CALCULATION 
The first stage of the calculations was a determination of the lowest 
minimum energy conformation for the isolated molecule, i.e., minimization 
of the energy, E,  as given by Eq. (1). In  this approximation the effects 
of solvent and of interaction with neighboring molecules is neglected, ex- 
cept that the dielectric constant is taken as 4.0.8 Subsequent addition of 
terms to  account for intermolecular interactions in the potential energy 
calculations significantly increases the number of variables, along with 
computation time. Therefore the starting conformation in the packing 
step should be as close as possible to the packed minimum for efficient con- 
vergence, and the lowest minimum for the isolated molecule was deemed to  
be a good starting point. 
Choices of starting conformations for in vucuo runs were based on ob- 
served ranges for mono and polynucleotides. l . 3  In  all, eighteen starting 
conformations were used, as follows: x' = 15" (anti), $' = 50°, 4' = 
225", w' = 60°, lSO", 290") w = 60°, 290°, 4 = lSO", = 60", lSO", 270", 
and x = 15" (anti). The sugars were fixed at either C3' endo or C2' 
endo. In  the latter case initial values for x and x' were 55". 
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CRYSTAL PACKING 
The next stage was to orient the molecule within the unit cell, subject 
to the constraints of the data mentioned above, and also including the 
effects of base pairing. A Watson-Crick type base pairing scheme was 
assumed, since guanine and cytosine will preferentially base pair in this 
way unless prevented for some steric or chemical reasons.26 In  UpA,23 
which was crystallized from acid solution, the N1 of the adenine was pro- 
tonated, precluding this kind of base pairing. Since, however, GpC was 
crystallized from basic solution, the NI of guanine was probably not pro- 
tonated, so on chemical grounds it was reasonable to expect Watson-Crick 
type base pairing. This is indeed confirmed by the X-ray data where the 
strongest reflection of the data corresponds to a plane of spacing 3.4 A; 
this together with an observed twofold pseudorotation axis strongly sug- 
gests a base pairing situation. 
Thus, for GpC, base pairing can be treated as a purely geometric con- 
straint, and can be simulated mathematically. By simultaneously mini- 
mizing the internal energy and the deviation from ‘(correct” hydrogen 
bond geometry, we hoped to find at least one configuration in which inter- 
molecular contacts (observable by interactive display) were also mini- 
mized. All other explicit intermolecular energy contributions were ne- 
glected. This approach greatly simplifies the calculations, and thereby 
cuts down on computer time (and real time) needed for minimization. 
The standard Watson-Crick hydrogen bond configuration for a G-C 
pair is given in Figure 2a. A mathematical function H was devised which 
would be equal to zero when two selected molecules were oriented in this 
hydrogen bonding pattern. The function is non-negative and equals 
zero when the distance between the K4 on the cytosine of one molecule and 
0 6  on the guanine of another was the value shown in Eq. (2 )  and the angle 
N4-H4-06 was 180” ; similar criteria were established for the cytosine 
N3-guanine N1 and the cytosine 02-guanine IS2 interaction. An addi- 
tional term, p ,  forces the bases to be parallel. 
H = (di - 2.9)2 + (d2 - 3.0)2 + (& - 2.9)2 
+ O.Ol(180 - a1)’ + O.Ol(180 - c ~ 2 ) ~  + 25p (2) 
where dl, &, and d3 are the hydrogen b2nd distances 02(C). . .N2(G), 
N3(C). . .Nl(G), and N4(C). . .06(G) in A, respectively, a1 = LN4-H4- 
(C). . .06(G) a2 = L02(C). . .H2-P172(G), with al and a2 expressed in 
degrees; p = (cl - c2[2 where c1 is a unit,vector perpendicular to the cyto- 
sine plane, and c2 is a unit vector perpendicular to the guanine plane, and 
parallel to c1 when the bases are paired in the Watson-Crick scheme. This 
method of dealing with hydrogen bonding is very useful when the bonding 
partners can be deduced from chemical considerations. Semi-empirical 
functions28 used to calculate hydrogen bond potentials are more complex 
mathematically, and more difficulB to parameterize than the other compo- 














Q-c G b  
1-3-5 Scheme 
( b  ) 
Fig. 2. (a) Watson-Crick hydrogen-bonding scheme for a guanine-cytosine pair. 
(b) Possible hydrogen bonding partners for GpC, molecules numbered as per Table 
11. 
nents in Eq. (1) as well as less certain to lead to the expected base pairing 
scheme. 
Three orientation parameters, corresponding to Eulerian rotations of the 
molecule aa a rigid body, are needed to specify absolute orientations within 
the unit cell. Requiring the base planes to be parallel to the y axis as the 
X-ray data suggesta, fixes one of those and leaves two to be varied in the 
minimizations. 
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Thus, the total function 
F = E + H  (3) 
was minimized with respect to the eight dihedral angles as well as the two 
remaining molecular orientations, giving in all ten variable parameters. 
By minimizing this sum, we locate minimum energy conformations which 
are also packed as Watson-Crick base pairs. In order for the minimization 
algorithm to act equally on E and H ,  it is necessary for these components 
to have values of the same order of magnitude at  the minimum. To ac- 
complish this, H, whose units are kcal/mole, was weighted by the factors 
given in Eq. (2). 
CHOICE OF HYDROGEN BONDING PARTNERS 
The choice of which guanine to allow to hydrogen bond to which cytosine 
depends on the spatial arrangement of neighboring molecules within the 
unit cell. The unit cell (in space group C2) has four molecules and the 
symmetry relationship among them is shown in Table 11. The table also 
gives the coordinate transformations for two molecules in adjacent cells. 
When the starting conformation was helical, molecules 1 and 6 of Table I1 
were linked to give dimers. For extended starting conformations, mole- 
cules 1, 3, and 5 were linked, giving a ribbon-like structure. They will be 
referred to as the 1-6 and the 1-3-5 bonding schemes, respectively. These 
hydrogen-bonded packing arrangements are illustrated in Figure 2b. 
The local minima obtained are very much dependent on the starting 
conformation. Thus a major problem associated with this method is the 
choice of initial parameters. The local minimum energy conformation for 
the isolated molecule was generally used as the starting conformation. 
Packing was attempted for three different conformations, namely the 
lowest and the second lowest energies for C3' endo sugar, and the lowest 
C2' endo. 
TABLE I1 
Possible Base-Paired Packing Schemes 
Molecule no. Fractional coordinates 
1 X Y z 
2 32. Y I 
3 1/z + x '/z + Y z 
4 '/z - 5 1 / 2  + Y B 
5 1-i-x 1 + Y  z 
6 1 - 2  Y - 1 - 2  
Scheme 1-3-5 
Scheme 1-6 
G of 1 with C of 3 
G of 3 with C of 5 
G of 1 with C of 6 
G of 6 with C of 1 
~ 
Note that molecules 1-4 are in the same unit cell. 
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Computer running time on the PDP-10 was about 1 hour for each ten- 
parameter trial when the system served no other user. For each starting 
conformation, an overall search of orientation space was made a t  90" in- 
tervals of the two unconstrained Eulerian angles, for a total of 16 trials. 
The resulting conformations and packing schemes were examined on the 
graphics where those which were tangled could immediately be eliminated. 
This circumvented the need for a repulsive intermolecular potential in 
the energy calculation, which would otherwise have been essential, and 
thus permitted a substantial reduction in computational time. 
RESULTS 
In Vacuo 
For the isolated molecule with the sugar pucker at C3' endo, seventeen 
different local minima were obtained from the initial eighteen conformations. 
Table I11 shows a selection of these. The lowest energy conformation, 
with E = -39.0 kcal/mole, resulted from two different sets of initial con- 
ditions, and had dihedral angles in the range of observed helical RNA's, 
the bases being almost parallel to  one another. Very near i t  in energy was 
an extended conformation comparable to one deduced for aqueous solution 
from nmr data by Barry et  aL29 Of these seventeen local minima, eight 
were bent and nine were extended. With the exception of energy number 
2, extended conformations were found to be of higher energy clustering a t  
energies number 7,10-14,16, and 17. The bent conformations, other than 




Fig. 3 (continued) 
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(d 1 
Fig. 3. (a) Lowest minimum energy conformation calculated for an isolated GpC 
molecule, sugar pucker C3’ endo. E = -39.0 kcal/mole. (b) Second lowest energy 
conformation, sugar pucker C3’ endo. (c) Lowest energy con- 
formation obtained for isolated molecule with sugar pucker C2’ endo. E = -16.7 
kcal/mole. (d) Lowest energy C2‘ endo conformation found in this work. E = 
- 30.6 kcal/mole. 









































































































































































































































































































































































































































































































































































































































2742 STELLMAN ET AL. 
Of the eighteen local minima found for C2’ endo sugars, ten were ex- 
tended. The lowest energy form was extended with E = - 16.7 kcal/mole, 
which was 2.0 kcal/mole above the highest energy C3’ endo found. Other C2’ 
endo minimum energy conformations were of much higher energy, all being 
positive (see Table 111). When orientation parameters were included in 
the minimization (see below), a number of conformatione whose energies 
lie between -4.2 and -30.6 kcal/mole occurred. In no case, however, 
was a C2’ endo conformation found whose energy was as low as -39.0 
kcal/mole. Some of the local minima listed in Table I11 have unusual 
values of some torsion anglee. As has been pointed out by the referee, this 
may well reflect the sensitivity of semi-empirical potential energy calcula- 
tions to minor variations in the choice of parameters, especially van der 
Waals’ radii. Figure 3 shows the two lowest C3’ endo as well as the lowest 
C2’ endo conformations. 
Packing Schemes 
Since the lowest energy C2’ endo form was extended, it was decided to 
try packing it in the ribbon-like rather than the dimeric scheme at  first. 
The dihedral angles at the local minimum for the isolated molecule were 
used as starting parameters. From the sixteen orientation trials, seven 
packed conformations were found in which the function H was less than 
5, indicating that the base pairing alignment was reasonably good. Each 
of these cases also had negative energies. However, four of these proved to 
be tangled. The remaining conformations when compared to the X-ray 
data had discrepancy indexes indicating no better than random fit. The 
other packed conformations either had energies that were poeitive or H 
functions that were greater than 5,  and were not explored further. No 
duplicate minima were obtained for the sixteen trials. Table IV gives 
dihedral angles and orientations for all calculated packing schemes that 
had negative energies, H functions of less than 5, and no tangling. Figures 
4-8 show some of these. 
The second lowest C3’ endo conformation for the isolated molecule was 
also extended, so the ribbon-like scheme was used in packing trials, with 
the dihedral angles a t  the local minimum as initial parameters. In this 
case $‘ was set at 61”, a value from which it had been found to deviate by 
less than a degree in all seventeen local minima for the isolated molecule. 
Thus only nine parameters were varied. Each of the sixteen trials resulted 
in a different local packing minimum. Only two of these had both nega- 
tive energies and an H function of less than 5 and one of them proved to be 
tangled. The other, listed in Table IV and shown in Figure 7 had an 
energy of -15.7 kcal/mole and H of 4.0, indicating a less satisfactory 
energy and alignment than for other packed structures tabulated. 
The lowest energy C3’ endo conformation for the isolated molecule was 
bent, and we therefore attempted to pack it as a dimer, using the dihedral 
angles that produced this local minimum as initial parameters. The 
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( b  ) 
Fig. 4 (continued) 
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(4 
Fig. 4. Lowest energy packing scheme calculated for GpC, sugar pucker C3' endo, 
denoted form A. This trial structure was successfully refined against our X-ray data. 
E = -38.0 kcal/mole. (a) Molecule 1 (see Table 11) in unit cell. (b) Entire unit cell. 
(c) Two contiguous unit cells viewed along crystallographic 6 axis. For clarity, only 
two of the four molecules in the unit cell are shown. (d) Same view as (c) with all four 
molecules in the unit cell shown. 
-38.0 kcal/mole, a value of H = 0.3, and similar sets of dihedral angles, 
again in the helical RNA range. These ten similar minima occurred in 
two distinct groups of five each, differing in their orientation parameters ; 
that is, two types of packing are possible for the same conformation. 
Figures 4 and 5 show how these molecules are packed. The discrepancy 
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Fig. 5. Lowest energy packing scheme calculated for GpC, sugar pucker C3' ertdo, 
E = -38.0 kcal/mole. denoted form B. This trial structure could not be refined. 
Same view as Fig. 4c. 
Fig. 6. Possible packing scheme calculated for GpC, sugar pucker C2' endo. E = 
-23.3 kcal/mole. View is similar to Fig. 4c. 
indexes calculated for the strong reflections within a 3-A shell for the two 
schemes were 39.3% for orientation parameters (defined in Table IV) 
0 = 223' and Z = 280" (form A), and 59.0% for parameters 0 = 8" and 
Z = 100" (form B). Note that these two packing schemes are "flipped 
over" versions of each other. That is, form A can be converted to form 
B by rotations of 215" and 180" in e and E ,  respectively. Immediate at- 
tempts to  refine these structures showed that form A could be refined 
successfully against our X-ray data while form B could not. Of the six 
remaining packed conformations, one other had dihedral angles like the 
helical RNA's, with an energy of -35.6 kcal/mole, a value of 0.4 for H ,  
and orientation parameters close to  form B. Of the other conformations, 
all but one had a positive energy; however, all were poorly aligned with 
respect to  base pairing. 
For completeness another sixteen-trial run was made, to  see if a dimeric, 
helical RNA type structure with sugars C2' endo could be packed in our 
GUANOSINE CYTIDINE MONOPHOSPHATE 2747 
Fig. 7. Possible packing scheme calculated for GpC, sugar pucker C3’ endo. E = 
- 15.7 kcal/mole. View similar to Fig. 4c. 
Fig. 8. Possible packing scheme calculated for GpC, sugar pucker C2‘ endo. E = 
-20.7 kcal/mole. View similar to Fig. 4c. 
cell. All ten parameters were allowed to vary, but molecule 6 instead of 
molecules 3 and 5 was used as the hydrogen-bonding partner. Two 
packed conformations were found with both negative energies and a good 
base pairing alignment. On visual examination with the graphics both 
proved to be packed nicely but gave discrepancy indexes no better than 
that given by a random distribution of atoms. A conformation whose 
energy was -30.6 kcal/mole (see Table IV and Fig. 3d), the lowest obtained 
for a C2’ endo conformation, was poorly aligned, with H = 22.5. The 
minimization algorithm did not find these low-energy conformations for 
the isolated molecule, although these energy regions became accessible 
when our packing constraints were applied. This is probably due to our 
not including the syn region ( X  N 180’) as starting conformations for the 
cytosine base. This range is observed more frequently for C2’ endo 
sugars than for C3’ endo in nucleosides, although i t  has not been found at 
all for 5’-nucleotides.2 
Using the graphics, an attempt was made to pack an earlier rigid body 
model of a dinucleotide having the elevenfold RNA dihedral angles‘ into 
our cell. This yielded an orientation close to that of the energy mini- 
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mization result but would not refine against the X-ray data. It was found 
that only the packed minimum energy result would refine and that dif- 
ferences from this conformation of as little as 15" in the internal dihedral 
angles were enough to  inhibit X-ray refinement. 
Refinement of Calculated Trial Structure 
Isotropic refinement of form A in the pseudocell yielded a structure (R  
= 14.4%) conformationally similar to  that of Day et  al.3O Further re- 
finement of the structure in the real (P21) space group,5 using form A as 
a starting point, is near completion and shows one Ca++ for every two 
GpC's in the crystal, with no C1- ions detected (our GpC was crystallized 
from CaClz solution a t  basic pH, where the phosphate is singly ionized). 
This Ca++ is found to be at  a position not on the pseudo-2-fold axis between 
the phosphate groups, thus breaking the C2 symmetry and causing our 
crystal to  be P21. Unit cell dimensions and physical parameters for the 
molecule refined in space group C2 are given in Table V, and are com- 
pared with those of Day et aLJ30 whose GpC was crystallized as the sodium 
salt and was rigorously C2. Also shown are values for recent models of 
eleven- and twelvefold RNA.31 
TABLE Va 
Conformational Angles of GpC and Helical RNA's 
Dihedral angles, degrees 
Ref. X I  6' W 1  W 6 IL x R , %  
work 
GPC this 17 230 287 291 170 57 37 14.4 
GPC 30 13 209 291 284 186 51 25 1 1 . 1  
RNA- 11 31 a 209 286 298 180 48 12 38 
RNA-12 31 a 193 300 295 193 44 17 27 
a Same as x .  
TABLE Vb 
Experimental Unit Cell Data for GpC 
Monoclinic This work This work 
space group (real cell), P21 (pseudo cell), C2 Day et al.,m C2 
a 21.224 A 21.224A 21.460 A 
b 34.207 A 17.104 A 16.927 A 
c 9.372 A 9.372 A 9.332 A 
B 90.527' 90.527' 90.54O 
z 8 4 4 
DISCUSSION 
The approach employed here to  calculate the conformation and packing 
scheme for GpC has led to  a trial structure that satisfactorily explains our 
X-ray crystallographic data. Two distinct computational steps were 
involved. First, the lowest energy conformation was computed for the 
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isolated molecule. This then served as a starting conformation in the 
subsequent packing minimization. In  the latter case, both the energy 
and a geometric function which constrained the molecule to Watson- 
Crick base pairing were minimized simultaneously, with eight dihedral 
angles and two orientation parameters used as variables. The search over 
orientation space was limited by constraints from the X-ray data, as 
previously noted. 
The lowest energy conformation for the isolated molecule, calculated 
without reference to the experimental X-ray data, is quite close to  the 
conformation observed in crystalline GpC. While many other local 
minima were also obtained, they were all of higher energy, and proved not 
to be consistent with the X-ray data when attempts were made to  pack 
those that appeared promising. The inferences derived from the X-ray 
data, as well as a good guess on the type of base pairing from chemical 
knowledge, made it possible to pack the molecule without calculating 
either an intermolecular lattice potential or a hydrogen bond potential. 
Instead, the molecular orientation was “pinned down” within these re- 
strictions. Our method differs in this respect with the work of 
who used intermolecular potential functions in their calculations of packing 
schemes. Further, in packing the molecule, the dihedral angles as well as 
the orientation parameters were varied simultaneously. Thus, here the 
molecule was not packed as a rigid body, but was JEexible, with the bias 
that the initial values for the dihedral angles were the lowest energy values 
from the isolated molecule calculation. It was not necessary to vary the 
bond lengths and bond angles. It is remarkable that the orientation 
search did not lead to many false local minima. Rather, the lowest 
energy packed conformation resulted from ten out of sixteen trials in the 
search over orientation space; five of the ten were identically oriented and 
consistent with the X-ray data (form A) while the other five packed in an 
alternate fashion which was not consistent with our data (form B). It 
should also be noted that the energy of the GpC molecule changed by 
just 1.0 kcal/mole when the in vacuo conformation was packed into the 
unit cell. 
The computer graphics was in constant use in our search for the solution. 
To visualize the conformations of the various minima from the computed 
dihedral angles would have otherwise necessitated the difficult task of 
building a large number of actual models by hand. The graphics also 
proved to be a feasible method for visually determining a packing scheme, 
although in this case the molecule had to be treated as a rigid body. Fur- 
thermore, the calculated packing schemes could readily be examined to  
determine if the base pairing lineup was satisfactory or if intermolecular 
tangling had occurred. The packed minimum energy conformations 
could also be examined visually to  ascertain if planes of densest packing did 
indeed correspond to strong diffraction maxima. In particular, an orien- 
tation in which the bases were parallel to the 4, 0, 2 plane was immediately 
believed to be the right trial conformation, and this turned out to  be the 
case. 
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Thus, the minimization method led to the correct packed structure by 
making use of both chemical and experimental information, where either 
alone would not have been sufficient. 
The authors thank Mr. Edwin Heilweil for the photographic work. The molecular 
modeling was performed at  the Princeton University Computer Graphics Laboratory, 
supported by NIH Grant RR-00578; other support was received from NIH GM-16539 
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